Abstract-In the development of electrified and other vehicle systems, the modelling and simulation of the vehicle is very important. With these tools the preliminary design, as well as later detailed studies of the systems developed, allow engineers to spend less time on each phase of their projects or address them with an integrated approach. In addition, this integrated approach provides the pos sibility of building hardwar e-in-theloop models with all the components required. This vehicle modelling and simulation has gained more interest with the increasing use of a wide variety of RPAS, ranging from light weight micro aircraft to large vehicles of various tons. For this reason, the previously-described building tools are the final objective of the developing models to be used in real-time platform projects. The first step present ed i n this paper is to build a simulato r that r eproduces the behaviour of a selected aircraft and validate it. This paper presents the study of the performances and behaviour of an OPV used to validate the simulator developed later. At the end, some preliminary tests and estimations of the performances for the selected OPV with an electric motor are presented.
INTRODUCTION
The importance of emissions in aviation is a fact to be taken into account. The fuel consumed by U.S. commercial air carriers and the military releases more than 250 million tons of carbon dioxide (CO2) into the atmosphere each year. Other major emissions are NOx, SO2 and particulates. In addition, passenger air traffic is continuing to grow all around the world. However, there are research and innovation programmes aimed at reducing the emissions due to aircraft engines, like Horizon 2020. Also, great efforts have been made to develop green aviation in recent years [1] . Nowadays, research goals regarding the reduction of emissions are being established, and the progressive electrification of aircraft will probably be a part of the solution.
In line with what was mentioned in the previous paragraph, one solution is to use HEV (Hybrid Electrical Powertrains) 1 instead of conventional powertrains, based on internal combustion engines burning fossil fuels. The possible configurations in HEVs are so different that aspects like energy efficiency, emissions, vehicle performance, range, etc., vary significantly. As all possible configurations have an electrical drive system, prior issues depend on the degree of hybridization and the control strategy employed. There are various key factors in the design stage of the electrical powertrain, such as energy storage (batteries, super-capacitors, etc.), electric machines, power inverters, etc., so the know-how is really important. All these components and many others are complex and require the use of advanced tools to perform the modelling and simulation in the conceptual and preliminary designs. After the powertrain architecture is defined, in the detailed design stage, model-based studies are required in order to implement control and optimization strategies for the management of the different energy sources. Based on all the foregoing, Tecnalia has developed Dynacar as a tool for the previously-mentioned purposes of developing road vehicles [2] , [3] . The project described in this paper is similar to Dynacar, but in an aeronautical context.
In conclusion, the development of modelling and simulation tools has aroused great interest due to the increasing use of RPAS (Remotely Piloted Aircraft Systems), especially for new emerging commercial uses. In fact, this has driven the development of new design processes with all the components present to ensure the precision and requirements of the different possible systems, from the beginning stages of the process to the final adjustments. Also, the HEV as a part of the RPAS is of great interest for reducing local emissions and engine noise, especially in urban zones where the pollution is higher.
In this work, an OPV has been used (Optionally Piloted Vehicle). This type of aircraft can be piloted on board or remotely. That is why an OPV can be deployed in segregated and non-segregated airspace. In addition, it has high reliability and lower direct operating costs than RPAS. These features give the OPV an advantage over RPAS in equipment testing. In accordance with the above-mentioned, it would seem interesting to build and develop tools based on Hardware-inthe-Loop and Human-in-the-Loop using an OPV. This solution means that equipment can be developed which can be later incorporated into RPAS, while keeping a low design cost and ensuring a safe integration into aircraft architecture.
II.
P2006T AIRCRAFT
The OPV chosen for the project was the P2006T airplane. This aircraft has some desirable features for carrying out SAR (Search and Rescue) missions. For example, a high wing that enables the Earth's surface to be observed from the cockpit without any obstacles. INDRA has worked with the P2006T platform and has equipped it to accomplish different missions related to maritime surveillance, intelligence and reconnaissance. The platform developed has been named as the P2006T MRI Surveillance System [4] .
A. Features of the P2006T
The most important features and performances of the P2006T are shown below.
1) Main weights:
• MTOW (Maximum Take-Off Weight): 1230 kg.
• OEW (Operating Empty Weight): 760 kg.
• MPL (Maximum Payload): 380 kg.
• MFW (Maximum Fuel Weight): 144 kg.
2) Rotax 912 S3 engine main characteristics:
• Max. power and rotational speed at take-off: 73.5 kW at 5800 RPM.
• Max. continuous power and rotational speed: 69 kW at 5500 RPM.
3) Performances:
• Max. level speed at S/L: 287 km/h.
• Cruising speed at 65% power and 7000 ft.: 250 km/h.
• Range at 65% power with 30 minute reserves: 1148 km.
• Service ceiling: 4572 m.
These data will be contrasted later with th e output data from the simulator developed throughout the present work in order to study the precision of the results.
B. Design mission
To compute the parameters for modelling the behaviour of the P2006T a design mission needs to be defined. This mission has been determined using INDRA´s scenarios to operate the aircraft and its studies on the camera equipped in the P2006T. According to this, the design mission will be defined by an altitude, a speed and a weight. The values of these parameters are:
• Altitude: 2134 m.
• Speed: 250 km/h (at 7000 ft. and 65% power).
• Weight: 1148 kg.
Secondly, the altitude profile for the design mission was designed. This profile consists of different stages: take-off, climb and cruise until the P2006T reaches the exploration zone, descent to the design altitude, recognition cruise with another descent to an identification altitude, a climb again to the recognition altitude, and at the end of the mission, a climb to a cruise altitude to return to base, the final descent and landing. Figure 1 shows one possible INDRA scenario, the altitudes profile of the design mission and the detection and recognition capability of the camera at the design altitude.
III. BUILDING THE ORIGINAL SIMULATOR
First, an investigation of the different available flight simulators was carried out and afterwards FlightGear was selected as the graphical interface and connected with Simulink to build the simulator. Simulink allows programming whatever is needed in order to improve accuracy. Also the model can be modified and new modules, etc. can be implemented. Fig. 1 . Design mission for the P2006T. [15] , [16] , [17] To solve the flight dynamic equations it is necessary to calculate the aerodynamic forces and moments. These forces and moments are obtained with the stability derivatives. Digital DATCOM stability derivatives [5] was developed and also a Roskam procedure [6] , [7] to estimate the same coefficients that result from DATCOM. Then, both coefficients were compared to ensure the exactitude of the simulations.
The input archive of the Digital DATCOM provides the stability derivatives according to the geometry represented in Figure 2 , which is compared with the actual geometry of the P2006T. A part of the results obtained using DATCOM can be seen in Figure 3 . Using these data it is possible to calculate the aerodynamic forces and moments that affect the aircraft in every flight condition, except for stall condition. The aerodynamic forces and moments are [8] :
The flight reference condition in stability axes is defined as [8] :
Using the flight dynamic equations at the reference condition, denoted with subscript 1, introducing a perturbation in the state variables, linearizing the equations ignoring the second order terms due to the perturbation, and eliminating the reference condition, leads to the set of dimensional equations:
Making use of (1), (2), (3), (4), (5) and (6) the equations for the longitudinal problem are [8] :
While the dimensional equations for the lateral-directional problem are [8] : The eigenvalues of the longitudinal problem can be calculated with (17) , (18) and (19). In the same way, the eigenvalues of the lateral-directional problem can be calculated with (20), (21) and (22). The eigenvalues calculated for both problems are presented in Figure 4 . These eigenvalues are used to calculate the eigenvectors of the P2006T to check the stability and the behaviour of the aircraft. According to the results observed in Figure 4 all the modes are stable. However, a more exhaustive study varying different conditions, such as altitude, velocity, and weight and CG. position, has shown that in some of those conditions the P2006T has an unstable spiral mode.
To conclude with the aerodynamic data, Figure 5 depicts the drag polar of the complete aircraft calculated by different methods: Torenbeek [9] , Digital DATCOM and the parabolic approximation of the drag polar evaluated by Torenbeek's method [9] . The relative error of the parabolic approximation is about 10% lower than the real drag polar.
At this point, all data related to the aerodynamic model are validated. Now it is time to deal with the propulsive model.
First it is necessary to know some parameters of the P2006T real engine, a Rotax 912 S3, in order to estimate its operating curves. Once this has been solved, the required power and the available power in the propeller are needed in different flight conditions.
If we compare the operating curves calculated with the Rotax manual curves [10] a relative error is observed that is around 5-15% lower than the real power, depending on the operating point selected.
The required power for cruise flight is defined as the dissipated power multiplied by the aerodynamic drag. If the flight condition is a climb or a descent, then the weight of the aircraft needs to be taken into account. The power is usually expressed in terms of the equivalent speed and using the drag polar of the complete aircraft. Also, it will be assumed that the angle of climb or descent is very small. According to this, the corresponding equations to calculate the required power in the three different previous conditions are the following: ^EAS^W Finally, the equation that allows calculating the power in the propeller is the following [6] :
Where 'Pm' is the corresponding power to the operating point of the engine, 'Ne' is the number of engines, 'PmechanicaP and 'PelectricaP is the power demanded by the mechanical and electrical systems of the aircraft respectively, l T|gear' is the efficiency of the reduction gear and 'ηρ' is the propeller efficiency. All these coefficients, except the latter, can be estimated by Roskam [6] . Additionally, a method developed by the NACA (National Advisory Committee for Aeronautics) [11] has been used to calculate the propeller efficiency, based on the variable-pitch and constant speed propeller equipped in the P2006T. This method shows good behaviour for cruise conditions, and for flight conditions near to stall NACA recommends using experimental data of the real engine-propeller combination.
The curves associated with the required and the available power at cruise conditions are represented in Figure 6 .
It is now possible to build the simulator in Simulink using all of the previous results. After that, some tests will be evaluated to check the behaviour of the simulated P2006T, comparing the results with the features and behaviour of the actual aircraft, described in part II of this paper.
One of the tests consisted in letting the aircraft fly without varying the controls to confirm the aerodynamic model through the short period, phugoid, spiral, roll and Dutch roll dynamic response. The test to validate the propulsive model is done by introducing the aircraft under a specific flight condition defined by an altitude and an operating point of the engine to verify the speed achieved. Another way of testing the propulsive model is by operating the engine at maximum revolutions at a certain initial altitude and checking the absolute ceiling reached.
The last test required is the integral performance of the P2006T to evaluate the specific fuel consumption and the effective power provided by the engine. This test is done by checking the range and endurance throughout the design mission.
Below are the different graphs showing selected results extracted from simulator outputs. In most cases the relative error in comparison with the real aircraft is lower than 10%. Figure 7 represents different time evolutions of the theta body angle, body speed and angle of attack. Through the s e curves the phugoid mode can be seen. During the first seconds of these graphs, the short period mode can be seen. In the same way that phugoid, the short period and the lateral-directional modes (roll, spiral and Dutch roll) can be represented. Figure 8 represents the altitude and the body speed to check the absolute ceiling reached. The relative error in this case is 0.6% in altitude and 7.5% in speed, in relation to the values of the real P2006T platform [12] . Figure 9 represents the power demanded when the aircraft is flying at a fixed cruise speed of 250 kilometres/hour and at an altitude of 2134 meters, both variables imposed in the autopilot. The relative error achieved is 3.8% with respect to the effective power of the real P2006T [12] . Finally, the relative error achieved in the test to verify the integral performances is about 8.9%, in relation to the real P2006T [12] .
The previous results are used to demonstrate the accuracy of the simulator developed in this work. Then, from this moment, the Rotax 912 S3 engine will be replaced by the electric motor based on axial flux technology. Also, the design mission will be implemented in the autopilot to view the consumption achieved and to design the required batteries. In addition, it is advisable to calculate the necessary hinge moments in the surface controls in order to develop new actuators if necessary. In the next part of this paper the output data obtained with the axial flux electric motor will be described. In the last version of the simulator , it was neces s ar y to change the Rotax engine of the real P2006T platform for the AF-130. This engine is manufactured by EVO Electric and its operating curves are shown in Figure 10 . Fig. 10 . Operating curves of axial flux electric motor. [18] The performances of the P2006T with this new engine are different. The AF-130 provides less power than the Rotax 912 S3 at sea level. However, the power of the electric motor does not change with the altitude of flight as occurs with the Rotax.
This behaviour of the engine enables the aircraft to fly at higher altitudes. The greater the altitude the lower the aerodynamic drag, because the density is lower than its value at sea level. So the aircraft can fly faster at a higher altitude, reaching a higher cruise speed. In conclusion, the ceiling of the P2006T with the electric motor is limited by its never exceed speed (VNE) of 311 kilometres/hour.
The graphs with the performances of P2006T with the AF-130 electric motor are shown below. Figure 11 represents the ceiling of the P2006T, established at 10650 metres. Figure 12 represents the maximum cruise speed at sea level. Note that the speed at sea level is lower than the speed at ceiling, as was stated previously. In both tests, the engine was operating at constant revolutions, set at 4200 RPM, and the level of power supplied vertically varied in the operating curves of Figure 10 .
tailplane of the P2006T to ensure the flight altitude in the autopilot. The last test consisted in carrying out the design mission according to the altitude profile of Figure 1 , also specifying the speed of each segment of the mission. Figure 13 is the power demanded and Figure 14 is the hinge moment of the all-moving The total consumption throughout the complete design mission with a battery efficiency of 100% was 390 kilowatthours. The weight of the required batteries to accomplish the mission would be around 2925 kilograms. This weight is excessive because the P2006T can equip a maximum weight of batteries of 576 kilograms without a pilot in unmanned mode. This consumption makes the full electric aircraft not valid for the defined mission, it probably being necessary to restrict the application of this full electric version only to specific short range missions or consider some kind of hybridization. So, it will be necessary to think of some way of hybridization in order to increase the time that the aircraft is able to fly with the electric powertrain based on the defined electric motor. Several options can be considered, ranging from high power density rotary engines coupled to a generator to fuel cell implementation. Sizing these hybridization alternatives can be carried out using the simulation tool described in this paper.
V. CONCLUSIONS
The calculation of the performances and the behaviour of the model developed for P2006T seems to be accurate compared with the data provided by the manufacturer [12] , [13] and other data from a study carried out by the Federico II University of Naples with the real aircraft [14] .
In accordance with all the statements in the previous paragraphs, the relative error of the results observed in the output data of the initial simulator tests are lower than the limit of the usual 10% relative error in preliminary designs. This has allowed making some tests with other kinds of engine and beginning to develop new possible types of electric and hybrid propulsion. In addition, one module has been implemented in order to estimate the hinge moment of the controls in every flight condition for evaluating the requirements of the actuators that may govern these control devices. The simulation tool has been used to evaluate the requirements in terms of energy for a full electric powered aircraft, providing an estimation of battery size or achievable range considering the limitations to aircraft payload.
The hinge moment is considered of interest in order to evaluate the forces of hydraulic actuators, due to the fact that these elements can be changed in the future to electrically operated actuators, enabled by the presence of a significant electric power supply coming from the energy storage system.
It is important to highlight that the simulation model developed will be executed in real time platforms when this platforms are built, so that components related to the propulsion system and actuators can follow a "model-based" development approach, which will be of great value for applied research in this novel field of hybrid /electric propulsion and electro-mechanic actuation.
In order to estimate the performance of the new designed components, different modules should be taken into account such as wind models, avionics or navigation systems as well as new codes, etc. Despite this amount of work, developing these types of tools in the design process of new systems is highly interesting and enables both cost and developing time to be reduced.
